The ion mass effect on the dominating vacancy related deep levels in Cz-Si implanted with 4-MeV C ions and 6-MeV Si ions has been investigated by deep level transient spectroscopy ͑DLTS͒. It is found that the intensity of the DLTS signal for the doubly negative charge state of the divacancy ͓V 2 (ϭ/Ϫ)͔ deviates from a one-to-one correlation with that of the singly negative charge state of the divacancy ͓V 2 (Ϫ/0)͔ and decreases, compared to V 2 (Ϫ/0), with increasing ion mass. Capture kinetics studies reveal that the electroncapture rate for V 2 (ϭ/Ϫ) decreases with increasing ion mass, while that for V 2 (Ϫ/0) has a weaker dependence on ion mass. In this work, we suggest a model to explain most of the known experimental observations of the ion mass effect for V 2 (ϭ/Ϫ). The model assumes a local compensation of the carrier concentration in highly disordered regions located within the collision cascades. In addition, it has been observed that the DLTS signal of the vacancy-oxygen pair exhibits a trend similar to that for V 2 (ϭ/Ϫ) regarding the ion mass effect.
I. INTRODUCTION
The divacancy (V 2 ) is one of the most prominent and fundamental intrinsic defect in Si stable at room temperature. Since the pioneering investigations of electron irradiated Si by Watkins and Corbett, 1,2 V 2 is also one of the most disputed elementary defects. This is mostly due to the existence of the doubly negative charge state ͑ϭ͒ of V 2 that has two paired electrons and can not be directly observed by such experimental techniques as electron paramagnetic resonance, 12 ͑EPR͒ or electron-nuclear double resonance, 3, 4 which are capable of an unambiguous determination of the defect symmetry. The existence of V 2 (ϭ) was suggested since the EPR signal from V 2 disappeared in low resistivity n-type Si and a dominating fraction of V 2 became doubly negatively charged. 2 Later, several charge states of V 2 have been observed in electron irradiated Si by different techniques such as photoconductivity, 5, 6 infrared absorption, 7, 8 and deep level transient spectroscopy ͑DLTS͒. [9] [10] [11] The identification of V 2 (ϭ) by DLTS is based on identical radiationinduced generation and annealing behavior and one-to-one intensity correlation of the transitions from the doubly negative charged state to the singly negative charged state ͓V 2 (ϭ/Ϫ)͔ and from the singly negative charged state to the neutral state ͓V 2 (Ϫ/0)͔. These two transitions occur at ϳE c Ϫ0. 23 and ϳE c Ϫ0.43 eV, respectively, where E c is the conduction band edge.
It has been shown, however, that the one-to-one correlation between the DLTS peaks of V 2 (ϭ/Ϫ) and V 2 (Ϫ/0) can be broken, where V 2 (ϭ/Ϫ) is suppressed with respect to V 2 (Ϫ/0) if the defects are produced by heavy ions instead of electrons. 12, 13 An explanation of this effect has been put forward taking into account the lattice distortion and strain in the cascade regions produced by heavy ions in combination with the electronic structure of V 2 . 12 It has been experimentally established by EPR at temperatures below 20 K that the point-group symmetry of the divacancy is C 2h . 2 It is considered that the basic D 3d symmetry of V 2 as a six-atom center with the four equivalent ͗111͘ directions is lowered to C 2h due to Jahn-Teller distortion. However, above ϳ30 K, thermally activated switching of electronic bonds between the three equivalent directions of Jahn-Teller distortion takes place, and at higher temperatures the switching rate becomes so high that V 2 exhibits a so-called motionally averaged state with the effective symmetry of D 3d , which has also been observed by EPR. 2 It is then suggested that V 2 (Ϫ/0) and V 2 (ϭ/Ϫ), detected by DLTS above 70 K, are unperturbed with the effective symmetry D 3d in electron or light ion irradiated Si and the two peaks show a one-to-one correlation. For heavy ions, on the other hand, the lattice distortion and strain in the damage peak region can prevent, to a large extent, the electronic bond switching, i.e., the motional averaging. The latter effect increases for heavier ions because of a higher density of elastic energy deposition and larger distortion and strain of the crystalline lattice. Since the electronic bond switching is a thermally activated process, the V 2 (ϭ/Ϫ) peak, appearing at lower temperatures in the DLTS spectra, is more influenced by the lattice strain than the V 2 (Ϫ/0) peak.
In this paper we report on DLTS studies of Czochralski ͑Cz͒ Si implanted with 4-MeV C ions and 6-MeV Si ions. Depth profiling and electron-capture kinetics measurements of V 2 (Ϫ/0), V 2 (ϭ/Ϫ) and vacancy oxygen pair VO have been carried out. On the basis of the experimental results in combination with computer simulations of the collision cascade structure and the occupancy of deep levels in strongly compensated local regions, an additional model for the deviation from the one-to-one correlation between V 2 (ϭ/Ϫ) and V 2 (Ϫ/0) is put forward. The model yields a local depletion of the carrier concentration in the cascade region, which is most likely the dominating effect in suppressing chargecarrier population of ''shallow'' states such as the E c Ϫ0. 23 and E c Ϫ0.18 eV levels in heavy-ion implanted Si.
II. EXPERIMENTAL DETAILS
Samples were cut from n-type Czochralski ͑Cz͒ Si͑100͒ wafers doped with phosphorus to ϳ1ϫ10 15 cm Ϫ3 . The samples were chemically cleaned using a standard procedure that includes a final dip in diluted HF. Immediately after the cleaning, the samples were loaded into a vacuum chamber, where Schottky barrier contacts with a thickness of Ϸ310 nm were deposited at room temperature ͑RT͒ by thermal evaporation of gold through a metal mask with circular holes of 1.5 mm in diameter. The base pressure in the chamber was less than 2ϫ10 Ϫ6 Torr. The DLTS measurements were performed using a setup described in detail elsewhere. 14 In short, the sample temperature was scanned between 80 and 280 K, and the registered capacitance transients were averaged within intervals of 1 K. The DLTS signal was extracted from the transients applying a lock-in type of weighting function, and traditional DLTS spectra with the rate windows in the range of ͑20 ms͒ Ϫ1 to ͑2.56 s͒ Ϫ1 were obtained from a single temperature scan. Energy position and capture cross section of the observed levels were subsequently evaluated from the spectra. During the measurements the diodes were reverse biased, and no forward bias injection of minority carriers was performed. DLTS measurements of the as-grown samples did not reveal any deep levels with concentrations above the detection limit of 10 11 cm Ϫ3 . The defect depth distribution and capture kinetics measurements were performed by selecting one of the rate windows and holding the temperature constant within Ϯ0.2 K at the maximum of the DLTS peak of interest. For the depthprofile studies, the steady-state reverse bias was kept constant while gradually increasing the amplitude of the filling pulse. The depth profiles were then extracted from the dependence of the DLTS signal on the pulse amplitude, 15 where the voltages were converted into depth using the data from capacitance-voltage characteristics of the diodes. For the capture kinetics studies, the DLTS signal was measured as a function of the filling pulse duration at the constant reverse bias and filling pulse amplitude.
The Schottky diodes were implanted at room temperature by 4-MeV C 2ϩ ions and 6-MeV Sr 3ϩ ions with a current density of 10 pA/cm 2 and a dose of 2ϫ10 8 cm Ϫ2 .
III. RESULTS Figure 1 shows DLTS spectra after implantation by C and Si ions. The spectra have been measured for a reverse bias of Ϫ16 V and a pulse amplitude of ϩ16 V to ensure detection over the full cascade depth. Three major peaks are observed in the spectra. ͑1͒ The one with an activation enthalpy of 0.44 eV is normally assigned to V 2 (Ϫ/0) in Cz-Si with a minor contribution from the vacancy-phosphorous pair ͑VP͒. 10, 11, 16 ͑2͒ The E c Ϫ0.23 eV level, which is assigned to V 2 (ϭ/Ϫ) ͑Refs. 9 and 11͒. ͑3͒ The E c Ϫ0.18 eV level, which is attributed to the VO with possible admixture of the carbon interstitial-carbon substitutional complex (C i C s ). 16 -18 It can be seen that the ratio between the major peaks depends on the ion mass. For the sample implanted with C ions the ratio between the amplitudes of the 0.44-eV peak (A 0.44 ) and the 0. Figure 2 demonstrates the depth profiles of the major defects observed in the DLTS spectra. Again, one can observe the effect of ion mass on V 2 (Ϫ/0) and V 2 (ϭ/Ϫ): the ratio between the maximum concentrations of V 2 (Ϫ/0) and V 2 (ϭ/Ϫ) is Ϸ1/0.6 for C ions ͓Fig. 2͑a͔͒ and Ϸ1/0.4 for Si ions ͓Fig. 2͑b͔͒. The effect of ion mass can be observed also for the ratio between V 2 (Ϫ/0) and VO:Ϸ1/1.3 for C ions and Ϸ1/0.7 for Si ions. It should be noted that the implantations were carried out through the 310-nm gold contacts, which lower the projected ion range into Si by ϳ0.6 -0.7 m. Figure 3 presents capture cross-section measurements for the V 2 (Ϫ/0) ͑0.44͒, V 2 (ϭ/Ϫ) ͑0.23͒, and VO ͑0.18͒ peaks using a filling pulse duration from 0.1 s to 0.1 s. The measurements have been performed for two different sets of the reverse bias and the filling pulse voltage: ͑1͒ a reverse bias of Ϫ16 V and a filling pulse voltage of ϩ5 V and ͑2͒ a reverse bias of Ϫ11 V and a filling pulse voltage of ϩ11 V, which correspond to different measurement depth intervals of 0.8 -2.7 and 2.7-4.7 m, respectively. The carrier capture kinetics for V 2 (Ϫ/0) ͓Fig. 3͑a͔͒ exhibits only a weak dependence on the type of implanted ions and the depth interval. In contrast, the capture rate for V 2 (ϭ/Ϫ) ͓Fig. 3͑b͔͒ and VO ͓Fig. 3͑c͔͒ depends strongly on the type of implanted ions and the depth interval. First, V 2 (ϭ/Ϫ) and VO are filled slower in the Si-implanted sample with respect to the C-implanted one. Second, the capture rate for V 2 (ϭ/Ϫ) and VO is lower in the deeper region compared to that in the near-surface region. It should be mentioned that a decrease in the capture rate can be caused by a decrease in the capture cross section and/or the carrier concentration. Since the positions of the DLTS peaks for the C-implanted and Si-implanted samples remain constant, indicating that the capture cross sections and the activation enthalpies do not change, it appears that the decrease in the capture rate is due to a decrease in the carrier concentration, as will be discussed below.
IV. DISCUSSION
The experimental data show a decrease in the intensity of the V 2 (ϭ/Ϫ) and VO peaks with respect to that of the V 2 (Ϫ/0) peak in heavy-ion implanted Si. Additionally, the electron-capture kinetics for V 2 (ϭ/Ϫ) and VO exhibit a similar trend regarding the dependence on ion mass and depth ͓Fig. 3͑b͒ and 3͑c͔͒. This suggests that the effect for V 2 (ϭ/Ϫ) and VO is, at least partly, due to the same mechanism. In the following, the discussion will be focused mainly on the effect of ion mass on the ratio between V 2 (Ϫ/0) and V 2 (ϭ/Ϫ). ondary cascades are formed along the trajectory. Figure 4͑b͒ demonstrates a magnified image of a secondary cascade. One can observe that the atomic displacements are confined to a relatively narrow region ͑р50 nm in cross section͒ along the secondary cascades. This is consistent with moleculardynamics ͑MD͒ simulations of low-energy heavy-ion implantation in Si at RT, which predict formation of amorphous zones, with lateral size of р50 nm, by individual collision cascades. 20 The depth distribution of vacancies in a single cascade has a considerable nonuniformity as illustrated in Fig. 4͑c͒ , which represents the distribution of the vacancies generated in the cascade shown in Fig. 4͑a͒ . There are several separated regions, corresponding to the secondary cascades, with extremely high densities of one to two vacancies per angstrom of depth. Due to statistical nature of the process, next cascades may have different secondary cascade depth distribution though the typical values of the vacancy densities are similar.
Vacancies and self-interstitials, which have been generated by the cascades and then escape annihilation, migrate from the cascade cores and can form defect complexes stable at RT. It is a long-standing discussion on the migration length of vacancies and self-interstitials in different types of Si at RT. Although some MD calculations show that diffusivity of these defects is quite low, 21 experimental evidence for long-range migration has been found under implantation at temperatures between 80 and 300 K. 22, 23 It has been suggested that the interstitial migration is strongly enhanced by ionization effects occurring during the irradiation, which is not taken into account by the MD calculations. For vacancies, recent experimental estimates of the migration length, before they form stable complexes, give a value of the order of ϳ100 nm in Cz and float-zone Si. 24 For divacancy formation, however, the migration length of monovacancies may not be very crucial. Assuming a simplified model for divacancy formation as a reaction of pairing of monovacancies (VϩV→V 2 ), one can conclude that divacancies are predominantly formed in the cascade cores since the formation rate depends quadratically on the monovacancy concentration. Moreover, it is known that V 2 can be generated directly in a primary collision event without any subsequent migration. 1 Thus, on the basis of these considerations and the TRIM simulations ͑Fig. 4͒, it appears that the majority of vacancy-related complexes, and divacancies in particular, are confined to separated regions with a characteristic size of ϳ100 nm, surrounded by almost perfect crystalline material. From the data in Fig. 4͑c͒ one can estimate the local primary defect concentration in such regions to be р(1 -2) ϫ10 18 cm Ϫ3 . It is known, however, that the total average concentration of electrically active vacancy-type defects, observed experimentally by DLTS, amounts only to a few percent of the primary vacancy concentration, estimated by TRIM, 13 which suggests a local defect concentration in such regions in the 10 16 cm Ϫ3 range. Figure 5 shows a one-dimensional calculation of the freeelectron concentration in Si with a 100-nm wide disordered region surrounded by perfect crystalline material at different temperatures. The calculations have been made within the drift-diffusion transport approximation using the commercially available SILVACO software. 25 Uniform doping is assumed and put equal to 1ϫ10 15 cm Ϫ3 as in the samples studied experimentally. The electron and hole mobilities in the calculations are temperature dependent and proportional . As a reference point at 300 K, the values 1000 and 500 cm 2 /V s are used for the electron and hole mobilities, respectively, in both the perfect material and the disordered region. The disordered region is simulated by introducing two deep acceptor levels at 0.44 and 0.23 eV below E c with the electron-capture cross sections 5ϫ10 Ϫ15 and 2 ϫ10 Ϫ15 cm 2 , respectively. These parameters of the traps are obtained from the experimental data for the V 2 (Ϫ/0) and V 2 (ϭ/Ϫ) levels. The hole-capture cross-section values used for V 2 (Ϫ) and V 2 (ϭ) are 5ϫ10 Ϫ14 and 1.4ϫ10 Ϫ12 cm 2 , respectively. 26 It should be mentioned that the results of the calculations do not depend strongly on the capture crosssection values and are mainly determined by the level positions in the band gap. A uniform trap concentration of 1 ϫ10 16 cm Ϫ3 is assumed in the disordered region. This value of the trap concentration is limited by the convergence of the numerical solution but reasonably close to that estimated from the TRIM calculations and taking into account the spontaneous recombination between vacancies and selfinterstitials (ϳ2ϫ10 16 cm Ϫ3 ). Carrier capture/emission rates by the deep levels is calculated using the standard Shockley-Read-Hall model. Figure 6 presents the trap occupancy calculated in the disordered region ͑Fig. 5͒ for the 0.44-eV trap at 200 K and for the 0.23-eV trap at 100 K. These temperatures are similar to those at which the corresponding levels are observed in the DLTS spectra. The 0.44-eV traps are filled almost completely ͑Ϸ100%͒ at 200 K, while only a small fraction of the 0.23-eV traps ͑ϳ1%͒ is occupied at 100 K. Thus, although the concentration of V 2 in the disordered regions exceeds the doping concentration by one order of magnitude, V 2 (Ϫ/0) can be essentially fully saturated during the filling pulse in the DLTS measurements because of carrier diffusion into the disordered regions. As a result, the supply of free electrons is exhausted and the occupancy of the shallower V 2 (ϭ/Ϫ) levels becomes very limited.
Carrier concentration and trap occupancy in the cascade region
One can support the results of the calculations by the following considerations. Figure 7͑a͒ shows schematically the conduction ͑CB͒ and valence ͑VB͒ band edges, the Fermi level and an electron trap, which is not filled and neutral. As the sample temperature is lowered, the Fermi level raises towards E c and the trap in the disordered region starts to be filled. However, since the trap concentration in the disordered region exceeds the doping concentration, the Fermi level in this region becomes pinned to E t . As a result of the difference in the Fermi-level position in the disordered region and in the surrounding ''perfect'' material, an energy barrier for the electrons is developed around the disordered region ͓Fig. 7͑b͔͒. The energy barrier is E a ϭ(E c ϪE t ) Ϫ(E c ϪE f ), where E c ϪE t ϭ0.44 eV for V 2 (Ϫ/0). One can estimate the rate of electron penetration into the disordered region over the barrier E a by
where d is the capture cross section of the disordered region, v th is the average thermal velocity of electrons, and N is the electron concentration in the undistorted material. In a first approximation, the capture cross section d can be estimated as a geometrical cross section of the disordered region (ϳ100ϫ100 nm 2 ). For Nϭ1ϫ10 15 cm Ϫ3 and Tϭ200 K, the temperature at which V 2 (Ϫ/0) peak is observed, E a equals 0.27 eV and RϷ3ϫ10 5 s Ϫ1 . Assuming the V 2 concentration in the disordered region to be 10 16 -10 17 cm Ϫ3 , such a region of a 100 nm size contains 10-100 V 2 's. Thus, for a time of 50 ms ͑filling pulse width in the DLTS measurements͒ the rate of electron penetration into the disordered region is high enough to provide at least two orders of magnitude more electrons than the number of traps. It should be mentioned that this estimate is made assuming a fully developed barrier while during the initial stage of the trap filling no barrier exists.
For 100 K, the temperature at which the V 2 (ϭ/Ϫ) peak is observed, the situation changes dramatically. First, at this temperature V 2 (Ϫ) is filled and the barrier is established even before V 2 (ϭ) starts to be filled. Second, the exponential factor in the formula for the electron penetration rate R decreases considerably not only because of the decrease in temperature, but also because of an increase in E a . Indeed, the Fermi level in the surrounding undistorted material approaches E c with decreasing temperature, while the Fermi level in the disordered region is pinned to the trap level, which gives E a ϭ0.37 eV for 100 K. The electron penetration rate RϷ1.4ϫ10 Ϫ7 s Ϫ1 , and few electrons are available in the disordered region for the filling of V 2 (ϭ).
B. The effect of ion mass on V 2 "ÀÕ0… and V 2 "ÄÕÀ… One can summarize the main experimental observations of the effect of ion mass on the DLTS signals of V 2 (Ϫ/0) and V 2 (ϭ/Ϫ) as follows. 12, 13, 18 ͑i͒ The intensity of V 2 (ϭ/Ϫ) is lower than that of V 2 (Ϫ/0) and the effect becomes more pronounced for both heavier ions and in the depth region where the defect generation peaks. ͑ii͒ The generation of V 2 (Ϫ/0) per ion-induced vacancy does not depend on ion mass, while that of V 2 (ϭ/Ϫ) decreases with increasing ion mass. ͑iii͒ The capture rate of electrons by V 2 (ϭ/Ϫ) decreases for heavy ions and especially in the depth region of the damage peak. ͑iv͒ The full width at half-maximum of the V 2 (Ϫ/0) and V 2 (ϭ/Ϫ) peaks increases in heavy-ion implanted samples with respect to that in electron irradiated samples. ͑v͒ The effect of ion mass diminishes for implantation at elevated temperature.
͑vi͒ All these effects are observed in Si with doping concentrations in the range 3ϫ10 13 to 1ϫ10 16 cm Ϫ3 and have, to the best of our knowledge, not been investigated in samples with a higher or lower dopant concentration.
Observations ͑i͒ and ͑ii͒ can to a large extent be attributed to incomplete occupation of V 2 (ϭ/Ϫ) during the filling pulse in DLTS measurements, while almost all V 2 (Ϫ/0) levels are occupied ͑Fig. 6͒. This effect is enhanced for heavy ions and in the damage peak, since the cascade contains more defects for heavy ions and especially in the dense peak region.
Observation ͑iii͒ can be explained by a decreased carrier concentration in the dense cascade region. The rate equations for carrier concentration and deep level filling in a semiconductor with two deep levels can be written as dn/dtϭϪc n1 np T1 ϩe n1 n T1 Ϫc n2 np T2 ϩe n2 n T2 , dp/dtϭϪc p1 pn T1 
where n and p are the electron and hole concentrations, n T j and p T j denote the filled and empty level for jth center, N T j is the total concentration of jth center, c n j and c p j are the electron-and hole-capture coefficients for jth center, and e n j and e p j are the electron-and hole-emission rates for jth center. In the case of V 2 (Ϫ/0) and V 2 (ϭ/Ϫ), N T1 ϭN T2 . Normally, in DLTS the condition nӷN T j is fulfilled which, in a first approximation, gives an exponential dependence for the filled fraction of the jth deep levels as a function of the filling pulse width (t p ):
and experimental data for the capture cross-section kinetics are interpreted within this assumption. In the present model, however, locally nрN T j and the standard approach is not applicable. Hence, in this case, Eq. ͑1͒ cannot be greatly simplified, but one can make the following consideration. Due to the high concentration of V 2 (Ϫ/0) and the large capture cross section and midgap position of the level, the probability for electrons to be captured and to recombine at V 2 (Ϫ/0) increases, relative to the ''normal'' case (nӷN T j ) as supported by the SILVACO calculations ͑Figs. 5 and 6͒ and the energy barrier considerations in Fig. 7 . Thus, few electrons remain available for V 2 (ϭ/Ϫ), which decreases the corresponding capture rate (c nV2(ϭ/Ϫ) n). The conclusion that the slowed capture kinetics for V 2 (ϭ/Ϫ) is mainly due to the decreased electron concentration and not the decreased capture cross section of V 2 (ϭ/Ϫ) is also supported by the experimental observation of the stability of the peak positions in the DLTS spectra, as mentioned in Sec. III.
Two effects can be proposed to explain observation ͑iv͒. First, the high local concentration of traps can lead to a nonexponential behavior of the electron-emission process during the DLTS measurements. The electron concentration in a semiconductor with a single electron trap, neglecting the interaction of the trap with the valence band, is determined by the following continuity equations:
where q is the electron charge and J n is the current density,
where n is the electron mobility, and
where is the electrostatic potential, n i is the intrinsic carrier concentration, and
Normally, it is suggested for DLTS measurements that the emitted electrons escape the space-charge region before they can be recaptured by the empty traps, i.e., the term 1/q(div J n ) in Eq. ͑2͒ dominates. This gives the ordinary exponential time dependence for the trap occupancy during the emission process, dn T1 /dtϭϪe n1 n T1 .
However, if the trap concentration is high enough, it is possible that the recapture of the emitted electrons cannot be neglected. One can make a simple estimation for such an effect in a 100-nm disordered region. For a one-dimensional case the term 1/q(div J n ) can be approximated as
where L is the size of the disordered region. Thus, the first line in Eq. ͑2͒ can be written as 
10 s Ϫ1 , which is р1% of the term 1/q(divJ n ). Thus, we can rule out the effect of electron recapturing since only a negligible fraction of emitted electrons is recaptured by the deep levels before they escape the disordered region and n T1 displays an exponential time dependence during emission.
Second, despite an exponential behavior of n T1 , the capacitance transient becomes nonexponential if the concentration of n T1 is comparable with the doping concentration. This has a strong influence on the shape of the corresponding DLTS peak, as illustrated in Fig. 8 showing two simulated spectra of a level located at E c Ϫ0.42 eV with an electroncapture cross section of 1ϫ10 Ϫ15 cm 2 . In the simulations, the full capacitance transient is calculated and a lock-in type of weighting function, identical to the one used for the experimental data, is applied. The total number of traps is the same for both spectra in Fig. 8 but one represents a dilute trap distribution ͑1% of the doping concentration͒ while the other one corresponds to a highly localized distribution where the trap concentration equals that of the doping. In the latter case, a substantial broadening of the DLTS peak occurs at low temperatures, in accordance with observation ͑iv͒, and the peak amplitude is also enhanced and shifted towards low temperatures. Details about the simulations and further comparison with experimental data will be discussed elsewhere. 28 Observation ͑iv͒ can also be a manifestation of the lattice distortion in the cascade region, as originally suggested in Ref. 12 . It should be mentioned that uniaxial stress in Si considerably affects V 2 (ϭ/Ϫ) resulting in a splitting of the peak with a reduced amplitude but unchanged integral of the peak. 29 Observation ͑v͒ can be related to increased mobility of the primary defects at an elevated temperature. Since the vacancy migration increases at an elevated temperature, the FIG. 8 . Comparison between simulated DLTS spectra for a defect with a level at E c Ϫ0.42 eV and electron-capture cross section of 1ϫ10 Ϫ15 cm 2 assuming dilute ͑1% of the doping concentration͒ and highly localized ͑equal to the doping concentration͒ defect distributions. The total number of defects is identical for the two spectra and the rate window used is ͑640 ms͒
Ϫ1
. distribution of defects becomes less localized and the local defect concentration in the disordered regions decreases.
The lack of dependence on dopant concentration, observation ͑vi͒, can be explained if the local concentration of deep levels in the disordered regions is considerably higher than the doping concentration. In this case, the electrons generated by donors within the disordered region play a negligible role in filling the deep levels, which diminishes the influence of doping. The carrier concentration and carrier capture/emission processes in the cascade region are determined by carrier diffusion into this region from surrounding perfect material. The fact that the effect of ion mass is similar in Si with doping concentrations up to 1ϫ10 16 cm
Ϫ3
gives an estimation for the defect concentration in the cascade region as у10 16 cm Ϫ3 . This value is in accordance with that from TRIM calculations in combination with estimates for defect annihilation.
C. The effect of ion mass on VO
The decrease of the VO peak with respect to the V 2 (Ϫ/0) peak in the DLTS spectra for heavy-ion implanted samples ͑Fig. 1͒ can be accounted for by ͑a͒ a decreased generation rate of VO and/or ͑b͒ the same phenomenon of incomplete trap occupancy as in the case of V 2 (ϭ/Ϫ). At this stage it is difficult to conclude which of these effects is dominant. It should be mentioned, however, that the ion mass effect on V 2 (ϭ/Ϫ) and VO is rather similar. The decrease in the intensities of both the V 2 (ϭ/Ϫ) and VO peaks relative to the V 2 (Ϫ/0) peak in the Si-ion implanted samples, as compared to the C-implanted ones, is about a factor of 2 ͑Fig. 1͒: A 0.44 /A 0.23 changes from 1/0.6 for the C implantation to 1/0.3 for the Si-implantation, and the corresponding variation of A 0.44 /A 0.18 is from 1/1.2 to 1/0.6. Such a similarity may suggest that the phenomenon of incomplete trap occupancy, caused by local compensation, is also an important contribution to the decrease in the intensity of the VO peak.
D. The influence of lattice strain
Although the local compensation can account for most of the experimental observations of the ion mass effect on the V 2 (Ϫ/0) and V 2 (ϭ/Ϫ) DLTS signals, some results cannot be readily explained. It has been shown, for instance, that annealing of V 2 in heavy-ion implanted Si does not restore completely the one-to-one correlation between V 2 (Ϫ/0) and V 2 (ϭ/Ϫ). 30 It has also been observed that V 2 (ϭ/Ϫ) is strongly suppressed in strained SiGe layers, 31 suggesting that a localized lattice strain in the cascade region contributes to the suppression of the V 2 (ϭ/Ϫ) signal.
V. SUMMARY AND CONCLUSIONS
The ion mass effect on the dominating vacancy related deep levels in Cz-Si implanted with 4-MeV C ions and 6-MeV Si ions has been investigated by DLTS. It is found that the intensity of DLTS signals for VO and V 2 (ϭ/Ϫ) decreases, compared to V 2 (Ϫ/0), with increasing ion mass and the effect is enhanced in the damage peak region. Capture kinetics studies have revealed that the capture rate for VO and in particular V 2 (ϭ/Ϫ) decreases with increasing ion mass, while that for V 2 (Ϫ/0) has a weaker dependence on ion mass. In this work, we suggest a model to explain most of the experimental observations for the ion mass effect: the deviation from the one-to-one correlation between V 2 (ϭ/Ϫ) and V 2 (Ϫ/0), the decrease in the electron-capture rate for V 2 (ϭ/Ϫ), the broadening of the peaks, and the temperature dependence of the ion mass effect. This model assumes a local compensation of the carrier concentration in highly disordered regions located within the cascade region. The similarity of the ion mass effect on the V 2 (ϭ/Ϫ) and VO peaks may be considered as an evidence that local compensation also plays a significant role for the VO center.
